INTRODUCTION
One of the most important factors contributing to extinctions on islands is the introduction of exotic organisms (Diamond 1984 , Groombridge 1992 , Dobson and Foufopoulus 2001 . Among exotic organisms, pathogens have been largely ignored by conservation biologists until recently (Altizer et al. 2001) . This can be attributed in part to the cryptic and frequently transient nature of parasite infection and in part to the difficulty of collecting disease data in the field. A careful review of the literature indicates that pathogenic organisms have been involved in numerous declines and extinctions of endemic species on oceanic and land-bridge islands (Diamond 1994; Table 1 ).
DISEASE SUSCEPTIBILITY AND EXTINCTION IN ISLAND POPULATIONS
The Galápagos Islands have not experienced recent extirpations of bird species, although one exception may be the demise of the Floreana Mockingbird (Nesomimus trifasciatus) which is now found only on Floreana's satellite island, Champion (D. J. Anderson, personal communication) . This situation is remarkable given that island populations are highly susceptible to extinction (Groombridge 1992) . In other oceanic archipelagos, many bird species were extirpated soon after prehistoric humans reached them. For example, more than 200 species of extinct island birds are only recorded as only subfossils on islands in the Pacific Ocean. These probably vanished following settlement of the islands by Polynesians during the Austronesian expansion (Milberg and Tyrberg 1993) . In addition, several species now considered endemic to single islands or island groups had a much wider distribution in the past (Smith et al. 1995 , Steadman 1995 . The anthropogenic mechanisms resulting in the demise of island taxa are complex and include habitat destruction, predation by humans, and the introduction of exotic predators, competitors, and pathogens (Diamond and Veitch 1981, Holmes 1996) . Although most, if not all, of these factors also affect mainland species, the small size and naïve nature of most island populations render them particularly prone to extinction (Atkinson et al. 1995 , Cole et al. 1995 .
A well-documented example of indigenous island hosts adversely affected by exotic pathogens is the introduction of avian poxvirus and avian malaria, Plasmodium relictum, into the avifauna of the Hawaiian Islands (Warner 1968 , Van Riper et al. 1986 , Jenkins et al. 1989 , Atkinson et al. 1995 , Atkinson et http://www.ecologyandsociety.org/vol9/iss1/art5 al. 2000 , Work et al. 2000 . Similar but less welldocumented examples exist from Christmas Island in the Indian Ocean where the extinction of two endemic species of rodent appear to be linked to the introduction of a trypanosome pathogen (Day 1981 , Pickering and Norris 1996 , see also Fancy and Snetsinger 2001 . Epidemics that have devastated island taxa have also been reported for lacertid lizards in the Tyrrhenian Sea and for birds along the eastern seaboard of the United States (Day 1981).
Endemic island species held in captivity appear similarly sensitive to infection by exotic pathogens. A captive breeding program for the Pink Pigeon (Nesoenas mayeri), an endangered species from Mauritius, encountered serious problems after the hatchlings were infected with a pigeon herpesvirus from asymptomatic Rock Doves (Columba livia) used as foster parents (Snyder et al. 1985) . Another Mascarene endemic, the Mauritius Kestrel (Falco punctatus) was shown to be sensitive to herpesvirus hepatitis (Cooper et al. 1981) . Penguins, which are not island endemics per se but have evolved mainly in the absence of diverse pathogen communities, have been shown to be very susceptible to infectious pathogens, most notably various Plasmodium species (Graczyk et al. 1995) . (Van Riper et al. 1986 ), (Jenkins et al. 1989) , (Ralph and Van Riper 1985) Avian malaria (Plasmodium relictum capistranoae )
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Virus lethal to captive hosts held in the UK species may be susceptible to disease (Veterinary Record 1992), (Cooper et al. 1981) Several mechanisms are blamed for the predisposition of island populations to exotic pathogens. Both theoretical and empirical evidence suggests that small host populations on isolated islands support only impoverished parasite communities (Dobson et al. 1992, Dobson and McCallum 1997) . This is because resident parasites are subject to the same constraints that limit host diversity. They are also subject to additional demographic and genetic constraints dictated by the small population sizes of their hosts. As a result, island endemics have been exposed to few parasites and other pathogens during their recent http://www.ecologyandsociety.org/vol9/iss1/art5 evolutionary history. Long-term release from parasitism could result in a partial loss of energetically expensive immune systems in isolated island populations (K. Lindström, personal communication) . Host immune responses could be particularly compromised by the loss of genetic diversity in small, isolated populations (Lyles and Dobson 1993) . Within inbred island populations, loss of heterozygosity has been shown to result in reduced major histocompatibility complex diversity and also in subsequent selection against inbred individuals (Keller et al. 1994 ).
In summary, the evolution of island taxa in a parasitescarce environment, alone or in combination with a long-term loss of genetic diversity, often results in a compromised ability to respond to new pathogens. 
CURRENT AVIAN DISEASE PROBLEMS ON THE GALAPAGOS
Despite isolation and the short duration of human settlement on the Galápagos Islands, several exotic pathogens have been introduced to the archipelago and appear to be affecting wildlife populations. However, no hard evidence has been gathered to support this statement unambiguously.
The introduction of some of these parasites may be related to the importation and maintenance of domestic chickens which share the habitat of endemic birds on islands inhabited by humans. Evidence for or against disease transmission via chickens is so far missing; it is currently being studied (P. Parker, personal communication). During periods of abundant food, supply chickens may become feral and invade National Park areas, a circumstance documented during the El Niño year of 1988 (Vargas 1999) . This increases the risk of disease transmission to indigenous birds. Infectious diseases, such as Newcastle disease, Marek's disease, avian mycoplasmosis and avian pox ( Fig. 1) , have been recorded in domestic chickens farmed on the islands (Vargas and Snell 1997) . Avian pox now regularly occurs in several species of Darwin's finches (Fig. 2) (Vargas and Bensted-Smith 2000) . A long-term, steady decline in population size is clearly distinct from the frequent, normal population fluctuations of native bird fauna on the Galápagos Islands (cf. Grant 1980, 1993) . On the other hand, some potentially sensitive species have avoided some of these pathogens. For example, Galápagos Penguins (Spheniscus mendiculus) appear free of avian malaria and Marek's disease (Miller et al. 2001 ). However, penguins may simply be less susceptible to mosquito-transmitted diseases because they inhabit coastal habitats far from mosquitoes.
Rock Doves introduced to the Galápagos have carried with them Trichomonas gallinae. This parasite has now been recorded in the endemic Galápagos Dove, Zenaida galapagoensis (Harmon et al. 1987 Another potential threat is West Nile encephalitis, a serious avian disease that spread rapidly across North America after its introduction to New York City in 1999 (Lanciotti et al. 1999) . Cases of this viral disease have now been documented on the western coast of the United States (Causey et al. 2003, Rappole and Hubalek 2003) . The virus is expected to be transported to Central and South America, and from there to the Galápagos by migrating shore and sea birds (cf. Rappole et al. 2000 , Malakoff 2002 , Malkinson et al. 2001 , 2002 , Zeller and Murgue 2001 , Causey et al. 2003 . So far, it is unknown how island birds will react to this virus, and whether the virus will remain as destructive as it is currently.
POTENTIAL AVIAN DISEASE THREATS TO THE GALÁPAGOS
Most of the other pathogens listed in Table 2 are widespread, opportunistic, bacterial, or viral microparasites. In general, they infect a wide range of hosts. If these pathogens become established in Galápagos bird populations, they have the potential to cause widespread die-offs. Although these diseases
have not yet been implicated in any global species extinctions, their introduction to a small isolated ecosystem like that of the Galápagos archipelago could have catastrophic results for the local bird taxa.
WHAT CAN WE DO TO PREVENT AN ECOLOGICAL DISASTER?
Past experience from continental North America indicates that, once an exotic pathogen becomes established in a wildlife population, few, if any, effective mechanisms exist to control its transmission. Although the spread and/or persistence of a disease on an island may be somewhat different from its spread and/or http://www.ecologyandsociety.org/vol9/iss1/art5 persistence on the mainland, the principles of disease establishment are likely to prove similar in both scenarios. The culling of infected individuals from natural populations may help in disease control when host densities are high (Ferguson et al. 2001) , such as at breeding farms or densely visited stopover habitats (Rocke and Brand 1994) . Vector control is often the method of choice to stop the transmission of mosquitoborne diseases (Hougard et al. 2002) . Bird behavior can be influenced as well so that pathogen transmission becomes less likely. For example, influence can result in the exclusion of infected birds from conspecific flocks. However, exclusion of birds may work only in very small and specific locations, such as garbage dumps, and may not be effective in natural areas. The transmission of specific diseases like botulism (Rocke and Brand 1994) can be achieved by wildlife managers who simply pick up infectious carcasses, change the environment, e.g., burn habitat, or eliminate pathogen reservoir species. However, in all cases considered by wildlife experts so far, the possibilities for reducing disease transmission are very limited. This will be particularly true in the Galápagos Islands. The main reason for these management limits in the Galápagos are that many areas of the archipelago are difficult and expensive to reach. Conservation managers also have to keep in mind the political realities of an economy based on eco-tourism. Extreme measures, such as the culling of birds, are hard to prescribe when eco-tourists want to see those same birds, even if rare. In light of the inability to control a disease epidemic once it has been established on the Galápagos Islands, emphasis needs to be placed on preventing the introduction of pathogens to the archipelago. Unfortunately, options to protect Galápagos birds against the introduction of diseases are limited. First, authorities should protect and guard the ecological isolation of the islands via activities supplemental to the existing Galápagos quarantine program (Trillmich 1992) . The current quarantine program attempts to prevent the introduction of foreign organisms by surveying shipments at Ecuadorian ports before organisms can reach the Galápagos archipelago. Additional activities should emphasize control for alien vectors of avian diseases and parasites. For example, the number of chickens on the islands should be reduced to the extent possible, even if there have not been any obvious disease transmissions documented between domestic chickens and wild birds.
The second necessary activity to help prevent the further spread of disease is a realistic baseline monitoring program to allow early detection of novel avian diseases or parasites in the Galápagos. This means a modest veterinary pathology laboratory should be established and operated. A list of opportunistic activities should also be set out to ensure that collaborating scientists and managers work to increase monitoring efficacy. Fortunately, both programs have already been started (H. Snell, personal communication).
Third, conservation ecologists and managers need detailed contingency plans in place to respond to cases of abnormal morbidity or mortality. These plans could include provisions for the rapid export of samples from infected animals to international centers for disease control and detection. A contingency plan should also include an evaluation of the intervention options available for those pathogens most likely to threaten native species. It is imperative to test, outside of the Galápagos, whether and to what degree land birds, such as Darwin's finches, are susceptible to several major avian diseases like malaria or the West Nile virus. If Darwin's finches are indeed susceptible to these diseases, a long-term captive breeding program at a disease-free location should be considered to prevent and anticipate problems of captive propagation before populations decline too far (cf. Jenkins et al. 1989) . Information on disease susceptibility would also help to strengthen quarantine procedures and allow for more political leeway in conservation efforts.
Of the limited options for disease control currently available to the Galápagos Islands, vector control through education and eradication programs around human settlements may be the most promising. Such practices, although seemingly limited, can go a long way toward preventing the introduction of pathogens exotic to the Galápagos Islands or reducing their spread. Resources should be committed to building diagnostic laboratories, collecting baseline data, and training personnel.
THE FUTURE
The Galápagos Islands provide a rare chance to preserve the intact endemic avian communities of an archipelago because no species of Galápagos birds has yet gone extinct. A powerful legal framework exists to support the activities necessary to reduce the arrival of new diseases, and global concern over the loss of biological diversity in the area is increasing. The islands therefore represent a unique opportunity to successfully apply the lessons in wildlife disease control and prevention that have been learned in other areas of the world (Friend et al. 2001) . Because some populations of Galápagos birds are in decline, local management agencies are seeking guidance for the formulation of effective regulations. The opportunity to conserve a natural laboratory of evolution as a showcase for humanity could be lost quickly unless global concern is translated into effective and appropriate management (Loope et al. 2001 
